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Aerosol light absorption still remains a difficult quantity to mea-
sure at the precision, accuracy and temporal resolution necessary
to quantitatively bound the contribution of this direct effect on
aerosol radiative forcing. These continuing difficulties are due, in
part, because aerosol extinction is dominated by light scattering.
In response to these and other issues, the aerosol community has
been developing a new generation of instrumentation that can mea-
sure aerosol absorption without the need to deposit aerosols on a
filter. Here we introduce work on the application of photothermal
interferometry (PTI) towards this measurement problem. The ad-
vantages of this approach are: its complete insensitivity to aerosol
scattering (true for any photothermal technique) and high sensitiv-
ity resulting from use of an interferometric technique. Using NO2

as a calibration standard, the accuracy of the PTI technique was
measured to be 5% (95% confidence interval). Measurement at a
10-second time constant yields a precision of 0.2 Mm−1 (95% con-
fidence interval) and a lower limit of detection of 0.4 Mm−1 for a
sample pathlength of 5 cm. Using laboratory-generated nigrosin
aerosols an intercomparison between the PTI and a 3-λ Particle
Soot Absorption Photometer (PSAP) gives a slope of 0.96 ± 0.02.
Acquisition of absorption coefficients for ambient aerosols reveals
very good agreement between the two instruments except for peri-
ods of high relative humidity (>70%) whereupon the PSAP reports
a larger absorption coefficient.

INTRODUCTION
A more quantitative understanding of the direct, indirect, and

semi-direct effects needs to be developed to more completely
understand the impact of aerosol forcing on climate change
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(Charlson 1991, 1992; Kaufman et al. 2002; Vinoj et al. 2004;
Hansen et al. 1997, 1998; Lohman and Feichter 2001). This
need was recently emphasized by Schwartz (2004) who stated
that aerosol forcing needs to “be reduced by at least three-fold for
uncertainty in climate sensitivity to be meaningfully reduced and
bounded.” Despite much work on the aerosol direct effect, much
uncertainty still remains regarding the importance of aerosol
absorption. This is due, in large part, to the uncertainties as-
sociated with commonly available instruments for measuring
aerosol absorption. Furthermore, since aerosol forcing can be of
a magnitude comparable to those induced by anthropogenically
released greenhouse gases, quantifying the ratio of aerosol ab-
sorption to scattering is critical to quantifying conditions under
which aerosols offset GHG emissions [cooling effect] and when
they contribute to warming.

Extinction of solar radiation occurs through both absorp-
tion and scattering which is readily quantified using the Beer-
Lambert Law,

T = exp(−σ total
ext l), [1]

where T is the transmission, σ total
ext is the total extinction coeffi-

cient and l is the path length. Here the total extinction includes
solar flux losses through scattering and absorption by gases (σ gas

scat
and σ

gas
abs ) and aerosols (σ aer

scat and σ aer
abs ). Since radiative transfer

properties are sensitive to aerosol absorption through the ratio
of aerosol scattering to total extinction (Charlson 1992; Chylek
and Wong 1995; Haywood et al. 1995, 1999) a unitless param-
eter, referred to as the single scattering albedo (SSA), is often
used:

ω̄ = σ aer
scat

σ aer
ext

= σ aer
scat

σ aer
abs + σ aer

scat
. [2]

Ambient values for ω̄ can range from 1 for pure particle scat-
tering to a rarely observed 0.5 for a strongly absorbing aerosol.
However, values for SSA typically range from 1 to 0.8. In light
of the strong sensitivity of forcing on ω̄, it is often convenient
to report on aerosol absorption through the single scattering
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co-albedo (η),

η = 1 − ω̄ = σ aer
abs

σ aer
ext

= σ aer
abs

σ aer
abs + σ aer

scat
≈ σ aer

abs

σ aer
scat(

for σ aer
abs � σ aer

scat

)
. [3]

The co-albedo is simply the fraction of local extinction due to
absorption, which, in the limit of very weak absorption, reduces
to the ratio of aerosol absorption to scattering.

Superficially, the measurement of σ aer
abs would appear to be

straightforward: measure the total extinction (i.e., sample trans-
mission) and remove contributions due to Rayleigh scattering,
molecular absorption (species dependent) and, finally, aerosol
scattering. At present, the most commonly used methods try to
do just this, either by monitoring light transmission as a func-
tion of material deposited onto a filter and correcting for multiple
scattering effects due to the filter substrate or by taking the dif-
ference between aerosol extinction and scattering. However, in
practice, procurement of σ aer

abs with uncertainty levels that enable
the bounding of the direct effect on radiative forcing is not so
straightforward.

The most widely used method for measuring the absorp-
tion coefficient is to deposit the particulates onto a filter and
monitor the decrease in the transmission of light (Lin et al. 1973;
Campbell et al. 1995; Bond et al. 1999; Anderson et al. 2003;
Virkkula et al. 2005). The numerous advantages of this approach
include commercial availability (e.g., the Particle Soot Absorp-
tion Photometer (PSAP) by Radiance Research); unattended op-
eration; a robust, low-tech method; and a relatively fast response
time (ca. 30 seconds). However, filter-based approaches have
drawbacks that warrant caution when used. Chief among these
cautions is artifact absorption, which originates because particu-
late and/or filter substrate light scattering can cause light to scat-
ter outside the detection field of view (FOV) as well as provide
the scattered photons a second (or third) chance to be absorbed
by the deposited aerosol. Both processes will, absent careful cal-
ibration, result in an over-estimate of the true absorption. This
specific issue was addressed by Bond and co-workers (Bond
et al. 1999) where it was reported that all filter-based measure-
ments of aerosol absorption display some response to scattering
by particles. Specifically, it was found that filter-based tech-
niques possess a response to scattering that ranges from 2–9%,
depending upon the particular technique employed [PSAP, Inte-
grating Plates (IP) or Hybrid Integrating Plate System (HIPS)].
In the case of the PSAP, this sensitivity to scattering (2%) was
exhibited after the application of an empirical calibration that ac-
counts for enhanced absorption due to the filter medium, and for
nonlinearities in the response of the unit as the filter is loaded, the
so-called calibration transfer coefficient. Such residual sensitiv-
ity to aerosol scattering could become a significant problem for
the filter-based measurement scheme when ω̄ is very near unity.
Despite the scattering correction, aerosol absorption measured
via these filter methods on reference samples was still found to
be too large by 20–30%. These artifacts can be largely corrected

for using the Bond coefficients: K1 and K2 (Bond et al. 1999).
In addition, other harder to quantify effects can also potentially
compromise the absorption coefficient reported by PSAP-like
instruments. For example, evaporation of semi-volatile mate-
rial off the particle following collection could result in a non-
negligible change in the absorption coefficient due to the loss
of a transparent coating on top of a black carbon (BC) core.
Alternatively, hygroscopic particles could wet the filter material
causing the transmittance through the filter to increase through a
“wet T-shirt effect” (Schwartz 2003). However, even this wetting
process is not straightforward since the hydrophilic nature of the
cellulose substrate that supports the glass fiber used to trap the
particles could cause the cellulose substrate to swell and act as
a shutter (Arnott et al. 2003). Finally, since the PSAP measures
the change in intensity (I) with respect to time, it can be shown
that the measurement noise for this differential technique will
go as t−3/2 (Springston and Sedlacek 2007). The consequence
of this is that the noise level for the reported absorption coef-
ficients will increase at a faster rate than a direct measurement
where the noise follows 1/

√
t and this can become an issue

when fast instrument response is required. While these effects
will only manifest themselves when absorption is very small, it
is often precisely these ambient conditions that are of greatest
interest, though there are other sampling scenarios where the
noise can severely degrade the data even under large absorp-
tion coefficient conditions (Springston and Sedlacek 2007). It is
also noted that the multi-angle absorption photometry (MAAP)
approach developed by Petzold and co-workers (2002, 2004)
has demonstrated success at overcoming some of the artifac-
tual absorption issues and is available commercially (Thermo
Scientific, Waltham, MA).

Another commonly used method for measuring aerosol light
absorption is the difference method, where the difference be-
tween the aerosol extinction and scattering is taken. The work
of Strawa et al. (2003), and others (Moosmüller et al. 2005;
Smith and Atkinson 2001; Vander Wal and Ticich 1999; Sappey
et al. 1998 employing the cavity ringdown (CRD) technique rep-
resents a state-of-the-art example of this approach. These groups
use the CRD technique to measure the particle extinction and,
in some cases, have incorporated a nephelometer-type scatter-
ing measurement channel into the instrument (Hallar and Strawa
2004). However, the seemingly straightforward data reduction
warrants care. Here the chief concern centers on the extraction
of a small number, σ aer

abs , from two, large and nearly identical
numbers (e.g., σ aer

ext − σ aer
scat). As a specific example, suppose ω̄

= 0.9 and there is 5% uncorrelated error in the measurement of
σ aer

ext and σ aer
scat, as might be expected from a combination of the

cavity ringdown technique and a nephelometer. The uncertainty
in σ aer

abs , for this approach, would be (Bevington 1969)

δ2
abs = δ2

ext + δ2
scat, [4]

where δ represents the absolute uncertainty and the subscripts
are as defined above. It can be shown (Strawa et al. 2003) that
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the relative uncertainty in σ aer
abs is

(
δabs

σ aer
abs

)2

=
(

1

η

δext

σ aer
ext

)2

+
(

ω̄

η

δscat

σ aer
scat

)2

. [5]

Based on this expression and the example values above, a co-
albedo of η = 0.1 would have an error of 0.67 or 67%. Further
reduction in the error via this approach (e.g., σ aer

ext −σ aer
scat) would

be difficult. In contrast, if σ aer
abs and σ aer

scat are directly measured and
their respective errors uncorrelated, a 5% error in each parameter
would result in a fractional error in η of only 7%. In addition,
since this methodology involves the attenuation of a calibrated
light source, the shot noise for this measurement, which scales as
the square root of the power reaching the detector, can be quite
large. As a comparison, shot noise is significantly smaller for
measurements of the scattering coefficient since this parameter
can be acquired against a “black” background.

Clearly, an instrument that is capable of meeting the accuracy
and precision requirements with minimal amount of post-
processing and correction would be of value. One new class
of instrument that addresses these issues is photoacoustic
spectroscopy (e.g., Arnott et al. 2005; Lack et al. 2006; Droplet
Measurement Technology, Boulder, CO) and, the subject of
this article, photothermal interferometry (Sedlacek 2006). The
hallmark of these approaches is that they directly measure the
aerosol absorption without interference from aerosol scattering
since their respective signals originate from the thermal dis-
sipation of spectrally absorbed energy. Whereas photoacous-
tic spectroscopy (PAS) monitors the acoustic shockwave that
is generated following absorption, photothermal interferome-
try (PTI) measures light absorption by following the refrac-
tive index change that accompanies the dissipation of the ab-
sorbed energy back to the surrounding air. Attractive features
of the photothermal techniques for measuring aerosol absorp-
tion include its insensitivity to aerosol scattering, its ability to
conduct the measurement without resort to deposition on a fil-
ter and the inherent high-sensitivity that enables near real-time
response.

Photothermal interferometry (PTI) is particularly well suited
for measuring very small changes in refractive index (�φ ∼
10−11 rad, where �φ is the refractive index phase shift) (e.g.,
Whinnery 1974; Campillo et al. 1981; Davis and Petuchowski
1982; Lin and Campillo 1985; Fluckiger et al. 1985; Moosmüller
et al. 1997). However, despite being originally developed in the
1980’s and even demonstrated by measuring aerosol absorption
(Campillo and Lin 1983; Lin and Campillo 1985; Fluckiger et al.
1985), it has seen limited application (Dovichi 1990; Bialkowski
1996; Owens et al. 1999). This limited development/use can be
primarily attributed to the sensitivity of some of these early
optical designs to mechanical vibrations that required elabo-
rate vibration isolation schemes. However, as discussed in de-
tail elsewhere (Moosmüller et al. 1996; Sedlacek 2006), use of
alternative interferometric configurations can reduce this noise

contribution to manageable levels enabling this technique to be
deployed in the field.

Below, we give brief background on the PTI technique and
then present a detailed discussion of the experimental set up.
This is followed by a presentation of calibration experiments
using a molecular standard (NO2), an intercomparison with a
three-wavelength PSAP using laboratory-generated aerosols and
finally, an extension of the intercomparison on ambient samples.
We close with a prognosis on the performance of this technique
with respect to the detection requirements needed.

THEORY
As a detailed discussion of the photothermal technique can

be found elsewhere (Sedlacek 2006; Owens et al. 1999, Lin
and Campillo 1985; Bialkowski 1996; Davis 1980; Davis and
Petuchowski 1981; Dovichi 1990; Davis 1996), only the high-
lights that are relevant to the present discussion will be presented.
At its most fundamental level, the PTI technique measures the
optical pathlength change that one arm of an interferometer ex-
periences (referred to as the “probe” arm) relative to the other
arm of the interferometer (called the “reference”). When the
two arms are recombined at a beamsplitter an interference pat-
tern is created. If the optical pathlength in one arm of the in-
terferometer changes, a commensurate shift in the interference
pattern will take place. So sensitive are these interferometric
techniques to pathlength changes they are routinely used in the
field of metrology where sub-nanometer scales can be realized
(Ishii et al. 1987; Downs 1990; Stone et al. 1999; Abou-Zeid
and Wiese 1998). For the specific application of this technique
for measuring light absorption, the optical pathlength change is
induced when the dissipation of the spectrally absorbed energy
creates a temperature gradient. This localized heating creates a
refractive index gradient surrounding the particle (or molecule)
causing the probe arm of the interferometer to take a slightly
different optical pathlength relative to the unperturbed refer-
ence arm. This effect is analogous to solar heating of a road
that creates a temperature gradient inducing the bending of light
at oblique angles causing mirages (Bialkowski 1996). This al-
tered optical pathlength results in a commensurate shift in the
interference pattern at the beamsplitter that is then detected as a
change in the signal intensity by a single element detector. By
calibrating the interference pattern shift with an absorption stan-
dard, a change induced in the interferometer signal by aerosol
absorption can be subsequently quantified. Since scattering does
not create a temperature gradient, no refractive index gradient
surrounding the aerosol is created; thus, the probe arm of the in-
terferometer does not experience a pathlength change. The last
is a critically important point because scattering is typically the
dominant light extinction mechanism for nearly all aerosol types
of interest to the climate change community.

For the interferometer of the type just described, it can be
shown that the measured detector current (Davis 1980; Davis
and Petuchowski 1981; Lin and Campillo 1985; Fluckiger et al.
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FIG. 1. Schematic of folded Jamin interferometer used for aerosol absorption measurements.

1985; Bialkowski 1996; Davis 1996; Owens et al. 1999; Sed-
lacek 2006), under quadrature conditions (i.e., φref − φprobe =
(2n + 1) π

/
2 where φ is the phase of each respective arm), re-

duces to

I (t) ∝
(

eη

hν

)
2Po sin �φ (t) =

(
eη

hν

)
2Po�φ (t) . [6]

Here we have made the laser power in each arm of the in-
terferometer the same (Po = Pprobe = Pref) and have intro-
duced factors that account for detector response, namely, e the
electronic charge, η the detector quantum efficiency, hν the
laser energy and where �φ (t) is the time-dependent induced
phase fluctuations. This expression is valid in the limit of small
�φ (t), sin �φ (t) ≈ �φ (t), (e.g., 1% level for �φ ∼ π /11). As
can be readily seen from Equation (6), in the limit of quadrature
and small induced phase shifts, the PTI signal will be linearly de-
pendent upon the induced phase shift created by the absorption
of light by the particle.

Since the single-element detector monitors the amplitude of
the interference pattern at the quadrature point, any event that re-
sults in a change in the relative pathlengths between the two arms
of the interferometer will cause the pattern to shift. This shift can
be generated through either the absorption of light or by mechan-
ical vibrations of the optical components. While phase-sensitive
detection techniques can be employed to narrow the detection
bandwidth, such unwanted vibrations can still contribute noise
that, in turn, can reduce the overall detection sensitivity. As a case
in point, previous PTI configurations (Mach-Zehnder and mod-
ified Jamin) were limited to laboratory use precisely because
of the sensitivity to mechanical vibrations, which effectively
precluded use in field campaigns, and certainly aircraft deploy-
ment (Campillo and Lin 1983; Lin and Campillo 1985; Owens
et al. 1999). Efforts to eliminate this sensitivity have included
floating the optical table that supported the interferometer and
encasing the interferometer inside an enclosure outfitted with
acoustic attenuation material. In order to realize deployment of
this technique outside the confines of a laboratory, an optical
design that offered superior mechanical stability was sought.

As discussed in detail elsewhere (Moosmüller and Arnott 1996;
Moosmüller et al. 1996; Sedlacek 2006), a folded-Jamin inter-
ferometer design offers the desired robustness towards mechan-
ical vibrations. Shown in Figure 1 is a schematic of the folded
Jamin PTI unit used to measure aerosol light absorption. As is
depicted in Figure 1, the incorporation of a retro-reflector, to
fold the two-interferometer arms back to the etalon block, pro-
vides the “folded” Jamin design with superior optical resiliency
to mechanical vibrations. The two halves of the width-wise split
retro-reflector are connected together with PZT so that a con-
trolling voltage could be sent to the PZT in order to maintain
the requisite quadrature phase condition between the two arms
of the interferometer.

Finally, it is to be noted that since aerosols have a small but
nonvanishing heat capacity, there is a characteristic “heating
time” following the absorption of light by the aerosols (Chan
1975). This heating time reflects the fact that the particle will
heat up rapidly following light absorption but not transfer that
heat to the surrounding air because of air’s low conductivity
(e.g., 0.026 W · m−1 · K−1 at 298.2 K). After the particle has
reached an equilibrium temperature, the energy initially taken in
by the particle will then be imparted to the surrounding air. This
characteristic time, T, first addressed by Chan (1975), is given
by:

T = r2ρpC p

3Ka
[7]

where r is the particle radius, ρp is the particle density, C p is
the specific heat of the particle, and Ka is the thermal conduc-
tivity of the surrounding air. Using carbon as an example, where
Ka = 0.026 W·m−1·K−1, ρp = 2.25 × 103 kg·m−3, Cp = 714
J·kg−1·K−1 and r = 1 µm, it is calculated that T ∼ 20 µsec
(Chan 1975), a time considerably faster than the conduction of
the heated air. Hence, the efficient transfer of heat from micron-
sized and smaller particles to the surrounding buffer gas makes
PTI suitable for acquiring the optical properties of the aerosol
in near real-time.
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EXPERIMENTAL
The experiments undertaken in this study comprised three

types: (1) fundamental performance measurements using a
calibration standard, (2) performance intercomparison with a
3-wavelength PSAP involving laboratory-generated aerosols,
where the particle diameter (Dp) and number density (Np) could
be easily controlled, and (3) the extension of the intercompari-
son to ambient aerosols. The laboratory-based intercomparison
was undertaken so that complications associated with the com-
plete removal of unwanted measurement artifacts (e.g., relative
humidity effects on PSAP measurement; Schmid et al. 2006)
could be controlled and thus eliminated. Following performance
characterization against the PSAP, side-by-side measurement of
ambient aerosols was undertaken.

PTI Calibration
Measurement of the photothermal signal is accomplished us-

ing phase-sensitive detection techniques where the output from
a laser (in the present case an argon ion laser operating on the
514 nm line, Coherent FReD system, model: 300c) is modulated
by a mechanical chopper (SR-450). The modulated photother-
mal signal is directed to a Stanford Research Systems lock-in
amplifier/pre-amp combination (SR-850/SR-420) that is inter-
faced to a computer (Dell Latitude 820C) via GPIB. Typical
time constants employed ranged from 10–30 seconds. Calibra-
tion of the PTI instrument was conducted by injecting a known
concentration of NO2 (Scott Gases, certified working class) into
the sample cell and recording the signal as a function of injected
concentration. NO2 concentrations were generated by mixing
the standard with dry nitrogen using mass flow controllers (Ty-
lan). The accuracy of the mass flow meters is reported to be
1% full scale. Using propagation of errors methodology and
measured signal fluctuations at the low end of the operation
range for these mass flow meters (2%) it was determined that
the uncertainty for the lowest concentrations is on the order of
10%. In order to minimize deposition of material on the turning
prisms inside the PTI unit (Figure 1), a steady flow of dry N2

(0.25 lpm) was directed towards the optic surface. However, the
prisms surfaces were cleaned with methanol-wetted lens tissue
periodically. The nominal pathlength, defined as the length over
which the excitation beam overlaps a half-diameter of the probe
arm of the interferometer, is found to be 5 cm.

PTI-PSAP Intercomparison Using Laboratory-Generated
Aerosols

For the laboratory-based intercomparison the authors elected
to aerosolize nigrosin which is a polyaniline-based black pig-
ment that is commonly used for negative staining in bacteriology.
Nigrosin was used instead of black carbon because: (1) it is an
easily reproducible aerosol enabling inter-lab comparisons for
systems that are not co-located (as compared to known issues
with soot generation) and (2) aerosol morphology that has been
shown to be spherical (Lack et al. 2006). In addition, nigrosin

possesses a broad, featureless absorption spectrum in the vis-
ible making it an ideal BC surrogate. Bond et al. (1999) and
more recently Lack et al. (2006) have also used aerosolized
nigrosin for instrument characterizations (PSAP and PAS,
respectively).

Aerosolization of an aqueous solution of nigrosin was ac-
complished using a commercial grade atomizer (constant out-
put atomizer TSI, Model No. 3076). The nigrosin solution had
a nominal concentration of 1 mg/cm3. Following atomization,
the particles were diffusion dried (TSI diffusion drier filled with
desiccated silica gel, nominal bead size 2–5 mm with indicator:
Grace). Since the atomizer generates a lognormal spread in par-
ticle size around a 90 nm mean, TSI’s 3080L Electrostatic Clas-
sifier with 3081 Long Differential Mobility Analyzer (DMA)
and impactor was used to size select the particles prior to injec-
tion into the spectrometer. Number concentration was measured
with TSI model 3025A ultrafine condensation particle counter
(CPC). After selecting a given particle diameter (Dp) and parti-
cle number density, the aerosol flow was then connected to the
PTI until a stable signal was recorded after which the aerosol
flow was redirected into the PSAP for a similar signal acqui-
sition. Ancillary measurements were undertaken to correct for
any particle loss inherent between the two inlets. The particle
number density was measured both prior to and immediately fol-
lowing PSAP/PTI measurement. This procedure was repeated
for several nigrosin Dps and particle densities for a given Dp.
Typical sample flow rates for the PSAP and PTI were 0.5–1.0
liter per minute (lpm).

The PSAP (Radiance, S/N:0020) was interfaced to a Dell Lat-
itude computer via the COM1 port where the 1 Hz output was
captured and logged. Prior to the intersystem comparison, PSAP
flow rate was calibrated against a Dry Gas Meter (DryCal, DC-
lite, SN:1784) and a digital flow meter (Omega, FMA-A2307
with readout standardized to 294.16K and 101.28 kPa). This
calibration revealed that the actual flow differed from the re-
ported flow by approximately 10%, thus the flow rate voltage
reported by the PSAP was used to determine the flow in lpm
that was subsequently used in offline data reduction. Further-
more, each time the filter was replaced, a careful measurement
of the spot diameter was conducted. Typical spot size areas were
18.5 ± 0.48 mm2 (95% confidence interval). A new filter was
installed when the reported transmission dropped below 0.75,
therefore the original Bond correction was employed (Virkkula
et al. 2005). Since the Bond correction factors are valid for
550 nm it is important to ensure that reported absorption co-
efficients have been wavelength corrected to 550 nm before ap-
plication of these correction factors (Bond et al. 1999). There-
fore, the actual wavelengths of the 3-LEDs used in the PSAP
needed to be measured. Using a medium resolution spectrome-
ter (Ocean Optics USB2000 grating spectrometer, 3.5 nm spec-
tral bandwidth) the central LED wavelengths were measured
and found to differ from the manual’s value by about 2% (ac-
tual/reported: 461.6/470; 522.7/530; 648.3/660). Accuracy of
the spectrometer was confirmed by measuring the spectrum of a
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Hg source whose spectral lines are well documented. These mea-
sured wavelengths were used when applying the Bond correction
parameters. For the laboratory aerosols where the particle diam-
eter could be controlled, the wavelength dependence correction
assumed a 1/

√
λ dependence for particle diameters below 400

nm and a 1/λ dependence for larger Dps. The following cali-
bration transfer coefficients were used (A = 0.866 and B =
1.317).

PTI-PSAP Intercomparison of Ambient Aerosols
For measurement of ambient aerosol absorption a 5-cm

diameter stainless steel inlet tube was erected outside our labora-
tory with its intake located 7.4 meters above the ground. Air was
drawn in at nominally 50 liters per minute (l pm) using a scroll
pump (Varian). Inside the laboratory a series of 2.5 cm tubes
branching off the main inlet directed a fraction of the air to the
PSAP, PTI and an integrating nephelometer (MRI model 1550
with an effective wavelength of 500 nm). Nominal flow rates for
the optical instrumentation were 0.5–1 lpm. The nephelometer
was calibrated with particle-free air (αscat = 23 Mm−1 @ λ =
550 nm) and Freon-12 (αscat = 360 Mm−1 @ λ = 550 nm) and
interfaced to a computer via an ADC card (IOTech, PCMCIA
card, 16-bit) (Charlson et al. 1969). The ambient sample was
heated prior to instruments sample inlets in an effort to reduce
the effects of humidity. Prior to injection into the PTI instru-
ment, the ambient stream was passed through a MnO2 denuder
(Thermo-Electron Corp.) to remove NO2, which also absorbs
514 nm light.

RESULTS AND DISCUSSION

Laboratory-Based Measurements
As discussed above, the PTI method can be calibrated us-

ing commercially available and traceable gas standards. For the
present effort, a certified concentration of NO2 in air standard
was used. As discussed elsewhere (Sedlacek 2006), knowledge
of the NO2 concentration and the absorption cross-section (σ NO2

abs
= 1.9 (±0.2) × 10−19 cm2/molecule) at 514 nm (Sedlacek 2006;
Davidson et al. 1988 (Figure 2); Vandaele et al. 1998 (Figure
1); Vandaele et al. 1996 (Figure 1); Harder et al. 1997 (Fig-
ure 2)) allows a calibration curve of the PTI response as a
function of absorption coefficient (αabs, Mm−1) to be readily
generated. The NO2 calibration curve used for these experi-
ments is shown in Figure 2 where logarithmic plot is utilized
to assist in resolving the lower concentrations. The slope is
found to be 1.45 µV/Mm−1 with a standard deviation of 0.04
µV/Mm−1. As expected from theory, the PTI signal is linear over
the 4 decades of NO2 concentrations used in these experiments
(R2 = 0.9944). Exploitation of NO2 as a calibration standard is
limited to wavelengths above 410 nm due to the opening up of
the photodissociation channel that produces NO and O at shorter
wavelengths (Okabe 1978). Uncertainty in the NO2 absorption
cross-section will propagate into the concentration measurement
of BC through propagation of errors.

Another advantage of the calibration standard is that it allows
the evaluation of the performance of this instrument without the
complications associated with aerosol generation (e.g., main-
taining a steady concentration with a steady size distribution).

FIG. 2. PTI Calibration plot using NO2.
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FIG. 3. Plot of nigrosin absorption coefficients measured by PTI and PSAP.

The least squares fit provides the calibration slope along with
a measure of the standard deviation. From this slope, it is esti-
mated that the 95% confidence interval for accuracy is on the
order of 5%. As discussed earlier, the characteristic time for heat
dissipation of the absorbed laser light by the aerosol particles is
sufficiently short (microseconds) that the PTI calibration curve
generated using a molecular standard will be valid. The PTI
precision, defined here as ±2σ , was estimated by measuring the
standard deviation from a 198 ppb loading of NO2 and found to
be 0.16 Mm−1 for a 10-second time constant. Assuming that the
PTI signal is dominated by shot noise, the one-second precision
of 1.4 Mm−1 for ammonia reported by Owens et al. (1999) trans-
lates to 0.44 Mm−1 for a 10-second time constant indicating the
improved performance of the folded Jamin design. The reader is
reminded that Owens et al. (1999) used a modified Jamin con-
figuration where two etalon blocks were used. Also it should be
noted that at 9.22 microns ammonia has a cross-section that is
nominally an order of magnitude larger than the cross-section
for NO2 at 514 nm (σ ammonia

abs = 2.1 × 10−18 cm2/molecule @
9.22 microns, Brewer et al. 1978). Finally a lower detection limit
for the folded Jamin PTI is estimated to be 0.35 Mm−1 for a 10
second time constant.

While the goal is to measure the absorption coefficient of am-
bient aerosols, the first order of business is to calibrate the per-
formance of the PTI technique against the PSAP, which, because
of its ubiquity in the field has become the de facto standard.1 The

1It is to be noted that the PSAP is being more closely scrutinized
as evidenced by the work of Subramanian et al. (2007) and Springston
and Sedlacek (2007).

inter-instrument comparison described below was conducted by
measuring the absorption coefficient for laboratory-generated
nigrosin aerosols as a function of particle diameter, Dp.

For the intercomparison a known concentration of size-
selected nigrosin aerosols were injected into the PTI and the
PSAP. Several diameter of nigrosin particles (Dp) were selected
and a plot of nigrosin absorption coefficient measured by the
PTI, BPTI, versus that measured by the PSAP, BPSAP, is shown
in Figure 3. The particle number densities chosen for this in-
tercomparison were based on generating absorption coefficients
at atmospherically relevant levels (0–50 Mm−1). While a very
slight bias towards the PSAP is observed in the slope (0.96 ±
0.02), the agreement observed between the two instruments is
excellent as evidenced by both the slope very near unity and high
correlation coefficient (R2 = 0.9952). It is important to stress
that this comparison was conducted on dried nigrosin aerosols,
so differences that might be expected due to humidity effects, ei-
ther cellulose substrate swelling or additional scattering correc-
tions, were eliminated (Arnott et al. 2003; Schmid et al. 2006).

Since nigrosin aerosols can be reproducibly generated they
enable the comparison between instrumentation that are not co-
located. In the present case, a comparison with a photoacous-
tic spectrometer system (another photothermal-based technique)
can be undertaken to further validate the PTI performance. Mea-
surement of the PTI signal as a function of nigrosin number den-
sity for a given particle diameter (Dp) gives a slope that is equal
to the absorption cross-section (σabs, cm2/particle). Plotted in
Figure 4 is the measured absorption cross-section for nigrosin
aerosols from several manufacturers as a function of particle di-
ameter along with the published data by Lack and co-workers
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FIG. 4. Measured nigrosin absorption cross-section as a function of particle diameter.

(2006). The reason for looking at nigrosin from several manu-
facturers was due to the fact that the commercially available “ni-
grosin” is actually a mixture of the polyaniline nigrosin pigment
(which is bluish/black color) with an orange dye. The ratio be-
tween these two chemicals is subsequently adjusted to achieve
a specific color index (CI: 50420) and so it was thought that
this could lead to differing absorption cross-sections. However,
while aqueous solutions of nigrosin from different manufactur-
ers do indeed give slightly different visible absorption spectra
this difference was negligible in the 500–550 nm region. For
completeness, the absorption cross-section measured using the
PSAP is also plotted in Figure 4. As can be readily seen, the
agreement between the three techniques is quite good. It is in-
teresting to note that the absorption cross-section primarily goes
as the square of the particle radius (as opposed to cube) indicat-
ing that the particles do not act as volume absorbers (Rayleigh
regime) but as surface absorbers (geometric optics regime). Ar-
tifacts associated with relative humidity (RH) have been min-
imized in this part of the study in order to simplify the com-
parison (Arnott et al. 2003; Raspet et al. 2003; Schmid et al.
2006). Finally, we wish to stress the utility of using nigrosin as a
soot surrogate. As evidenced herein, nigrosin enables informal
intercomparisons among instruments that are not co-located to
be readily undertaken because aerosolization of nigrosin can be
easily reproduced and does not suffer from morphological com-
plexities common with soot generation such as fractal collapse.

Ambient Aerosol Measurements
The PSAP and the PTI units were attached to an ambient

sampling tube. The intercomparison started in December 2006
and lasted through February 2007. Depicted in Figure 5 is a 12-
minute running average of aerosol absorption measured by the

PTI and PSAP for the month of February. Breaks in the data
acquisition were due to either ongoing PTI unit improvements
or for execution of the aforementioned laboratory-based exper-
iments. As can be clearly discerned, the PTI correlates with the
PSAP very well for most of the intercomparison episode. No-
table discrepancies between the two units show up during high
humidity conditions, as will be discussed in more detail below.
In Figure 6, we have isolated a specific 12-hour period to look
more closely at the correlation between the two instruments
under high temporal resolution conditions (10-sec time con-
stants). In this figure, we have also overlaid the measured aerosol
scattering coefficient by an integrating nephelometer. Here we
have again just shown the “green” channel (522.7 nm) from the
PSAP, which has been wavelength corrected to 514 nm. As can
be seen, all three instruments show pronounced correlation. The
single scattering albedo (SSA), plotted in the top frame of the fig-
ure, was calculated using the PTI data. The lower frame in Figure
6 quantifies the correlation between the PTI and PSAP where a
plot of the PTI signal versus the PSAP results in slope of 1.03 ±
0.01. This slope agrees well with that measured in the laboratory
using nigrosin where a slight bias is observed towards the PTI.

The mean absorption coefficient for the entire December-
February sampling period was found to be 3.7 with a variability
of 3.1 Mm−1. Over the same sampling period the mean scatter-
ing coefficient reported by the nephelometer was found to be
54 with a variability of 30 Mm−1. Finally, the mean scattering
and absorption coefficients reported here can be used to provide
a measure of the single scattering albedo for this sampling pe-
riod (December–February) and is estimated to be 0.94 with a
variability of 0.06.

While the agreement between the PSAP and the PTI for
both the laboratory and ambient aerosols measurements is quite
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FIG. 5. Month long measurement campaign of ambient Aerosol Absorption and scattering.
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encouraging, it needs to be stressed that this comparison was for
dried laboratory-generated aerosols and ambient aerosols which,
on average, were sampled under relative humidity <50%. How-
ever during the ambient intercomparison phase of this work,
there were periods of very high humidity (100%) where marked
differences were observed between the PSAP and the PTI. An
example of this deviation is shown in the Figure 7 where the ab-
sorption coefficient measured by the PSAP and PTI along with
the measured relative humidity is shown for a two-day period
of constant rain along with the correlation plot between the PTI
and PSAP. The data shown in Figure 7 is a 12 minute running

average. As can be readily seen, under high humidity conditions
the absorption coefficient reported by the PSAP is higher than
that reported by the PTI. Arnott and co-workers (2003) have ob-
served similar behavior during an intercomparison between the
PSAP and their photoacoustic spectrometer. The observed be-
havior can be qualitatively understood by examining how each
technique reacts to a wet sample. In the case of the PSAP, the
hydrophilic nature of the cellulose membrane upon which the
glass fiber is supported (Pallflex type E70.2075W) can poten-
tially cause the membrane to swell upon exposure to water and
thereby decrease the amount of transmitted light (Arnott et al.

FIG. 7. Measurement of ambient aerosol absorption during high humidity conditions.
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2003). Schmid et al. (2006) applied a RH-dependent correction
factor (a second order polynomial) to their PSAP in an effort
to confront this issue. Photothermal approaches such as PTI,
PAS, or photothermal deflection can also have RH related is-
sues attributable to latent heat. Specifically, and as discussed
quite nicely by Arnott et al (2003) and Raspet et al. (2003), light
absorption by a water-coated BC core can result in the mass
transfer for water molecules from the water layer surrounding
the core to the vapor surrounding the particle. In the case of the
PTI approach, which measures the change in the index of refrac-
tion, this influx of water molecules causes the refractive index to
increase thereby offsetting the decrease in the refractive index
caused by heating. While this issue is presently being addressed
in our laboratory and will be the subject of an upcoming pa-
per, experiments carried out by Arnott and co-workers suggests
that the effects of this mass transfer becomes a concern for RHs
>70%.

These intercomparisons provide confidence in the perfor-
mance of the PTI techniques towards aerosol absorption mea-
surements. Since this instrument represents a first generation,
there are a few straightforward tasks that can be taken to im-
prove the performance of the instrument. Two such tasks that
are presently underway include the incorporation of a parabolic
return mirror to reflect the excitation beam back into the sample
cell thus giving a double pass of the excitation beam thereby
increasing of the pathlength from nominal 5 cm to 10 cm (while
still keeping the instrument footprint within that of a standard
instrument rack). Another high priority improvement will be
to incorporate a multispectral capability. One approach is to
co-propagate into the sample cell several pump wavelengths of
interest where each wavelength is modulated at a unique fre-
quency that is not an integer of another modulation frequency.
The resultant data set could then be demodulated using either
multiple lock-in amplifiers or by taking the Fourier transforma-
tion from temporal space to frequency space. This approach can
be extended to any number of pump wavelengths.

All instruments either presently deployed or under develop-
ment have the requisite sensitivity towards aerosol absorption
in atmospherically relevant range <25 Mm−1 (Sheridan et al.
2005). While the measurement precision for all the techniques
are sensitive to the time constant, as is discussed elsewhere, a
differential technique such as the PSAP displays a significant
departure from 1/√

t (Springston and Sedlacek 2007). This can
become an issue when the temporal constraints for the measure-
ment scenario require very fast time measurements, as would
be needed to conduct microstructure study of urban or biomass
plumes using aircraft. Both the PTI and PAS uncertainties (Lack
et al. 2006; Arnott et al. 1999) follow 1/√

t .

CONCLUSION
We have discussed the application of the photothermal inter-

ferometry technique towards the challenge of directly measur-
ing aerosol absorption in situ. A description of the folded Jamin

interferometer design along with supporting data has been pre-
sented. Excellent agreement is observed in a comparison of re-
ported absorption coefficients measured by the PTI unit and a
particle soot absorption photometer (PSAP) utilizing laboratory-
generated nigrosin aerosols. Extension of this intercomparison
to ambient aerosols also gives very good correlation between the
two instruments. However, under high RH conditions significant
deviation is observed and is ascribed to the hydrophilic nature
of the cellulose filter substrate that swells upon exposure to high
RH conditions and mass transfer issues associated with the PTI
technique. The PTI approach presently under development in
our laboratory will enable the requisite detection sensitivity to
be realized with a time response that is compatible with aircraft
deployment.
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